Abstract We investigated leaf anatomy and micromorphology in the New World Vitis using light and scanning electron microscopy to understand the correlation of these traits to molecular phylogenetic relationships and environmental affinity. We observed traits known to differ among species of Vitis with importance in traditional taxonomy of Vitis: trichome type, stomata morphology, mesophyll organization, and midrib vascularization. We found that traits associated with water conductance and photosynthesis comprised the highest loadings of axis one of a principal components analysis (PCA) while traits related to gas exchange (i.e., the stomatal apparatus) had high loadings on axis two. Using the PCA, we identified seven clusters of species, which showed little correlation to recently reported molecular phylogenetic relationships. Moreover, analyses using Bayes Traits and Bayesian Binary Method revealed little to no phylogenetic signal in trait evolution. PCA axes one and two separated species occurring in dry southwestern North American habitats from those in mesic places. For example, a cluster of V. monticola and V. arizonica occurred adjacent to a cluster of V. californica and V. girdiana in ordination space, and the latter three species share key leaf anatomical traits. Nevertheless, among these, only V. arizonica and V. girdiana are closely related according to molecular phylogeny. Thus, the leaf micromorphological/anatomical traits of Vitis observed in this study are highly correlated with environment, but not phylogenetic relationships. We expect that trait similarities among distantly related species may result from evolutionary convergences, especially within xeric habitats of western North America.
Introduction
The grape family, Vitaceae, has been widely recognized for its economic importance as a source of wine and edible fruits, and the type genus, Vitis L., has received considerable attention from viticulturists, plant developmental biologists, and geneticists (Gerrath et al., 2015 (Gerrath et al., , 2017 . Vitis contains ca. 70 species mostly distributed in the temperate regions of the Northern Hemisphere (Soejima & Wen, 2006; Zecca et al., 2012; Liu et al., 2016; Moore & Wen, 2016) . Within Vitis, Planchon (1887) recognized two subgenera, which are still commonly accepted: subgenus Vitis (¼Euvitis Planchon) includes the majority of species with a wide distribution especially in the Northern Hemisphere, and subgenus Muscadinia Planchon is composed of only two species from the southeastern United States, the West Indies, and Mexico (Brizicky, 1965; Wen, 2007a; Moore & Wen, 2016) . Recent studies robustly support the placement of subgenus Muscadinia as sister to subgenus Vitis ( Fig. 1 ; Wen et al., 2007; Aradhya et al., 2008; Tr€ ondle et al., 2010; Wan et al., 2013; Wen et al., 2013; Liu et al., 2016) . Within subgenus Vitis, species occurring in the New World belong to a single clade, which is supported by molecular evidence Wen et al., 2018) and morphology (Munson, 1909) . Nevertheless, evolutionary relationships among New World subgenus Vitis remain unclear despite recent efforts to resolve them (Tr€ ondle et al., 2010; P eros et al., 2011; Zecca et al., 2012; Wan et al., 2013) , and taxonomy of the section is difficult due to limited floral characteristics and complex macromorphological variations in leaf size, teeth and pubescence (Moore & Wen, 2016; Wen et al., 2018) .
Micromorphological and anatomical characters of leaves have demonstrated taxonomic utility in numerous vascular plant families (Carlquist, 1957 (Carlquist, , 1991 Dean & Ashton, 2008; Mart ınez-Cabrera et al., 2009) and are also known functional traits, which mediate environmental interactions, such as gas exchange, photosynthesis, and water conductance (Niinemets et al., 2009; Scafaro et al., 2011; Terashima et al., 2011; Tom as et al., 2013) . Prior studies in Vitis subgenus Vitis, have shown that the micromorphology of leaf trichomes is taxonomically informative (Munson, 1909; Comeaux et al., 1987; Chen et al., 2007; Wen, 2007a; Ma et al., 2016; Moore & Wen, 2016) , but, alone, trichomes have been insufficient to resolve taxonomic difficulties in the group. However, micromorphological and anatomical characters of leaves of New World Vitis should differ among species that occupy diverse environments.
Within New World Vitis, most species of subgenus Vitis occur either within the mesic forest areas in eastern North America or the xeric scrublands in southwestern North America (e.g., the Edwards Plateau of Central Texas and adjacent areas; Moore & Wen, 2016) , while V. tiliifolia Humb. & Bonpl. ex Schult. occurs in moist tropical forested areas extending from Mexico to northern South America, the Caribbean, and throughout the Antilles (Planchon, 1887; Moore & Wen, 2016) . These two kinds of habitats differ considerably in terms of available light and moisture, and should yield corresponding differences in leaf functional traits, especially those representing trade-offs between performing photosynthesis efficiently and preventing excess water loss (Givnish, 1978 (Givnish, , 1987 Tian et al., 2016) . Therefore, we expect differences among species of subgenus Vitis in micromorphological and anatomical leaf traits, but these traits have not been thoroughly investigated except for a few studies looking at stomatal types (Zubkova, 1963 (Zubkova, , 1965 Ren et al., 2003) or studies that did not systematically survey species of the subgenus (Viala & Vermorel, 1910; Boso et al., 2010) . In their 750-page work on Amp elographie, Viala & Vermorel (1910) also compared leaf anatomy among ten species of Vitis including 7 species of subgenus Vitis, and found differences in the leaf epidermis, the extent of the palisade parenchyma and the amount of intercellular spaces in the spongy parenchyma. More recently, Boso et al. (2010) measured the extent of the palisade and spongy layer in five varieties of V. vinifera L. and one variety of V. riparia Michx. and reported that most of the species have a palisade layer that is roughly one third of the thickness of the spongy mesophyll layer, while, in two varieties, the palisade and the spongy layer each make up half of the mesophyll. Additionally, several studies have shown that leaves of Vitis have calcium oxalate crystals throughout that commonly appear as raphides (Viala & Vermorel, 1910; Metcalfe & Chalk, 1950; S€ ussenguth, 1953; Arnott & Webb, 2000) . Nevertheless, the taxonomic information of leaf Liu et al., 2016) . Geographic distribution of clades shown next to the tips. Evolutionary history of key trichome traits shown at nodes and represent synapomorphies except presence of glandular trichomes, which evolved at a deeper node in the family and is a plesiomorphy in Vitis-Ampelocissus. Ribbon trichomes in Ampelocissus ascendiflora Latiff and glandular trichomes of Old World Vitis romanettii Rom. Caill. (photograph courtesy of Xiuqun Liu). micromorphological and anatomical traits in Vitis subgenus Vitis and their relationship to phylogeny remain largely unknown.
The variation in anatomical leaf traits observed in different species and expected to occur among others may reflect diversification related to convergence and/or divergence depending on either environmental pressures or phylogenetic history (McKown et al., 2016) . Distantly-related species that share both leaf traits and environmental factors imply evolutionary convergence (Baum & Larson, 1991; Ackerly, 2004) . Examples of convergence of leaf traits and environmental preferences are documented in Geranium L. (Carlquist & Bissing, 1976) , Argyroxiphium DC. (Baldwin & Sanderson, 1998; Baldwin & Wagner, 2010) , Scaevola L. (McKown et al., 2016) , and in numerous other plant lineages (Dickie & Gasson, 1999; Horn et al., 2009; Maricle et al., 2009; Donoghue & Edwards, 2014; Freitag & Kadereit, 2014; Toon et al., 2015) .
In light of only a few leaf anatomical characters of taxonomic utility for the study of Vitis, the aims of this study were to (1) document additional leaf micromorphological and anatomical characters in Vitis subgenus Vitis of the New World using histology and scanning electron microscopy, and (2) evaluate the relationships of micromorphological and anatomical leaf traits to phylogeny and environment. We expect that our study will contribute to both a more complete understanding of spatial distributions of Vitis subgenus Vitis as well as refining leaf anatomy as a valuable tool for a taxonomically challenging group.
Material and Methods

Study materials
We collected leaf tissues from mature, healthy exemplar taxa of the New World (NW) Vitis including all 15 species of subgenus Vitis (recognized by Moore & Wen, 2016 for the Flora of North America, and in addition V. rufotomentosa Small previously recognized as a synonym of V. aestivalis) and V. rotundifolia from subgenus Muscadinia for comparison, either from the wild or from those cultivated in the Smithsonian Botany Department greenhouse (Table 1, 1-3 individuals per  species) . Specimens were fixed in formalin-acetic-alcohol (FAA) at the time of collection. Fixed material was transferred to 70% ethanol prior to examination and dehydrated with 2,2-Dimethoxypropane (DMP, acidified with 1 drop of HCL/100 mL DMP). We selected fully expanded mature leaves for analysis. We targeted the midvein, secondary veins, leaf teeth, and leaf apex for our investigations (Fig. 2) , and examined both the adaxial and abaxial leaf surfaces.
Microscopy
For light microscopy (LM) observations, we embedded material in paraffin wax (PolyFin, Polysciences, Warrington, PA) using standard methods prior to sectioning. Sections were stained in 0.5% Toluidine Blue O (O'Brien & McCully, 1980) and mounted in Lipshaw's mounting medium (Shandon Lipshaw, Pittsburgh, PA). Serial cross-sections of leaves as well as replicate series from all material were examined. Imaging was carried out with a Nikon Eclipse 80i fitted with a digital camera at the University of Alaska Fairbanks, and a few sections were imaged at the Smithsonian Institution.
For scanning electron microscopy (SEM) investigation, material was dissected in 70% alcohol, then dehydrated through absolute ethanol and critical-point dried using a Baltec CPD D30. Critical-point dried material was mounted onto specimen stubs using double-sided tape, coated with approximately 200 Åof platinum/gold in a Cressington 108 auto sputter coater. We examined the material through a Phillips XL-30 SEM at 15 kV under standard secondary detection.
Terminology
We follow terminology in Esau (1953 Esau ( , 1965 for general anatomy and Ma et al. (2016) for trichome morphology. Leaves in Vitis are typically simple, lobed, dentate to serrate and palmately lobed (Fig. 1) . Most species have broad relatively thin blades, other might be thick and coriaceous. The external leaf surfaces are variously covered in trichomes (Figs. 3A-3D, 3F ). Most noticeably on the lower (abaxial), but several species do show numerous trichomes on the upper (adaxial) leaf surface as well (Figs. 3D, 3F ). Trichomes originate from epidermal cells and can be classified as either secretory or non-secretory (Gerrath et al., 2015) . Non-secretory hairs are further divided into unicellular or multicellular trichomes and whether they are erect (Fig. 3D) or prostrate, ribbon-like (floccose trichomes, Fig. 3D ). Some species may have the entire lower leaf surface covered in floccose trichomes (Fig. 3C) , others show the trichomes restricted to secondary veins where these trichomes form pockets (domatia) inhabited by mites and predatory mites, assumed to function in deterring herbivores (Romero et al., 2005; Ma et al., 2016) .
Vitis leaves show typical angiosperm leaf anatomy with an upper epidermis followed by the primary photosynthetic tissue of the mesophyll composed of the an upper palisade layer of mostly elongate tubular cells (Pa; Fig. 4B ), and a lower spongy mesophyll (Sp) of loosely arranged, irregularly shaped cells between which intercellular spaces ( Fig. 4D ) form to facilitate gas exchange (Figs. 4D, 4G ). From a section through the midrib of Vitis leaves the dorsiventral symmetry of Vitis leaves can be observed with the primary xylem oriented towards the abaxial surface of the leaf, and the primary phloem towards the adaxial surface (Fig. 4C) . Species in Vitis vary considerably in both the number of vascular traces and their orientation to each other within the midvein (Fig. 4A) . Secondary veins show the vascular bundle with a characteristic bundle sheath extending to the adaxial epidermis (adE, Fig. 4B ). On the lower abaxial leaf surface the bundle sheath cells might be proliferated forming a bulge (Fig. 4B ) and the abaxial epidermis (abE) shows guard cells (GC) interspersed surrounding the stomatal cavity (SC, Fig. 4G ).
Ancestral character state reconstruction and data analysis
We constructed a matrix of ten leaf micromorphological and anatomical characters scored for each species (Table 2) . We selected these ten characters based on our observations that they were variable among species and due to previous reports of their taxonomic value in Vitaceae (Munson, 1909) and other angiosperm groups (Viala & Vermorel, 1910; Zubkova, 1963 Zubkova, , 1965 Ren et al., 2003; Boso et al., 2010; De Mico & Aronne, 2012; Freitag & Kadereit, 2014; Ma et al., 2016) .
Leaf morphological and anatomical characters
Here we provide brief definitions of characters used. 1. Midvein protruding adaxially (0) present, with a distinct bulge visible (Fig. 5A ), (1) absent (Fig. 5B ). 2. Trichomes erect, stout (0) present (Fig. 5C ), (1) absent. 3. Trichomes prostrate, ribbon-like (0) present (Fig. 5D ), (1) absent. Some species may show both erect and prostrate, ribbonlike trichomes ( Fig. 3D ; Ma et al., 2016) . 4. Stomatal apparatus in relation to leaf surface (0) on the same level with the regular epidermis cells (Fig. 5E ), (1) raised sometimes forming distinct chimney-like structures (Fig. 5F ). 5. Cuticle on subsidiary cells (0) appears striate ( Fig. 5G) , (1) smooth (Figs. 5H, 5I ). 6. Height of the palisade layer expressed as a percentage of the mesophyll layer (0) one third of the mesophyll is comprised of the palisade layer (Fig. 6A) , (1) one half of the mesophyll is comprised of tabular palisade mesophyll cells (Fig. 6B ). 7. The spongy mesophyll layer shows few intercellular spaces (0) and appears compact (Fig. 6C) , (1) numerous intercellular spaces result in an airy appearance of the spongy mesophyll (Fig. 6D) . 8. The number of vascular bundles in the midvein (0) up to four (Fig. 6E) , (1) from 5-9 (sometimes 10) (Fig. 6F) . 9. The number of cells in the adaxial bundle sheath extension (0) two cells wide (Fig. 6G) , (1) more than two cells are found in the bundle sheath extension (Fig. 6H) . 10. Secondary veins protrude adaxially (0) absent (Fig. 6I) , (1) present (Figs. 6J, 6K ).
Principal components analysis of leaf morphological and anatomical characters
We determined the similarities among species based on these ten characters using a principle components analysis (PCA). We performed the PCA in R using unique OTUs of subgenus Vitis and sought to identify clusters of similar species in ordination space. To identify the number of clusters, we performed a k-means analysis of the factor loadings of species on PCA axes one and two using a heuristic search with 1000 replicates for every possible number of clusters, up to one minus the number of unique OTUs, or 18. We chose as optimal the number of clusters that yielded the lowest within-cluster sum of squares without showing visually apparent diminishing returns; that is, we used a scree plot and the "elbow" method.
2.4.3 Ancestral character reconstruction of leaf morphological and anatomical characters We reconstructed ancestral characters states of all ten anatomical and micromorphological characters (Table 2) using Bayesian Binary Method (BBM) in RASP 3.2 (Yu et al., 2010 (Yu et al., , 2015 . BBM requires a set of phylogenetic trees and a consensus topology. We obtained the set of trees representing the taxa examined in this study by pruning trees of Vitis subgenus Vitis and outgroups resulting from a Bayesian phylogenetic analysis in BEAST 2.4.5 (Drummond & Rambaut, 2007; Bouckaert et al., 2014) using plastome sequences (Wen et al., 2018) . Initially, the trees comprised 300 000 posterior All vouchers are deposited at the U.S. National Herbarium (US). Taxon codes represent V for Vitis and the first three letters of the species name, e.g., Vitis acerifolia ¼ VACE. If there are two specimens of the same taxon, the locality is added to the taxon code with the two letter state abbreviation or the county.
topologies. We reduced the number of trees by performing a 10% burnin in LogCombiner in the BEAST 2.4.5 package and simultaneously resampling at a lower rate of every 10 000 generations, instead of the original 1000. We performed the pruning in PAUP Ã (Swofford, 2002) and saved 1200 pruned trees, effectively consisting of a random sample. We generated a majority rule consensus tree in RASP with compatible groupings with below 50% support allowed, largely congruent with the topology used in the plastome phylogeny generated by Wen et al. (2018) , but we restricted the OTUs to one per taxon. We ran BBM for 50 000 generations, using 9 hot chains and 1 cold chain, with a sampling frequency of 100 from the cold chain. We applied the F81 þ G model (Felsenstein, 1981 ; þ Gamma) in BBM for changes among character states, and we set the maximum number of allowed states to the total states for the character; two for each binary, discrete character. We examined the resulting reconstructions of the characters to determine if the leaf anatomical characters arose convergently (Stayton, 2015) or resulted from shared ancestry.
Testing for convergence using environmental variables
We tested whether convergence observed in the anatomical characters can be explained by the environmental variables: mean precipitation (character 11: MAP), precipitation seasonality (character 12: PSEAS), and temperature seasonality (character 13: TSEAS). We selected these variables because of their well-known relationships to leaf anatomy (Holdridge, 1947; Tonkin et al., 2017) and their explanatory value in describing the niche of North American Vitis (Callen et al., 2016) . For each environmental variable, we obtained data from WorldClim (Hijmans, 2005 ; http://www.worldclim.org/) at 10 arc minute resolution. We projected each variable in ArcMap 10. 4.1 (ESRI, 2010) and clipped them to a map of North America including the Caribbean obtained from https:// databasin.org/datasets/f5c11b1e7cc44e1bbee23e2491871467 on the public repository, Data Basin. Using the North American projections, we binned the values for each variable into two categories, each intersecting with our study species, according to natural breaks in the data using the Jenks clustering algorithm (Jenks, 1967) in ArcMap. We scored each taxon for its occurrence in one bin (with no polymorphisms observed) for each environmental variable, and we followed Flora of North America (FNA, Moore & Wen, 2016) for the geographic occurrences of species. We considered the scores for each environmental variable to represent an ecological character state of tolerances within MAP, TSEAS, and PSEAS.
We compared the relationships of binary morphological trait values of each species to its ecological character states (Table 2) . We modeled correlated evolution between pairs of the morphological and ecological traits (ten leaf anatomical characters and ecological tolerance according to each of three environmental variables; Table 2 ) using reversible jump Markov Chain Monte Carlo (rj-MCMC) methods on 1000 Bayesian trees in BayesTraits v. 3.0 (Pagel & Meade, 2006;  http://www.evolution.rdg.ac.uk/BayesTraitsV3/BayesTraitsV3. html) and the Discrete function. To incorporate phylogenetic uncertainty, we used the same 1200 Bayesian trees described above as input for the BayesTraits analysis. We ran BayesTraits using the independent and dependent Discrete model for every pair of characters using the MCMC analysis method. A reversible-jump hyperprior with exponential distribution of 10 was used. We ran the MCMC chain for 20 million iterations with a sampling prior of 300 and a burn-in of 70 000. The ratedev parameter was set to 20 in order to obtain the recommended acceptance rates in the MCMC chain of 20-40%. To test the hypothesis of correlated evolution we used Bayes factors (BF) as the test statistic to compare the likelihoods from the independent and dependent analyses, whereby a Bayes factor in BayesTraits is equal to 2[log-(harmonic mean of independent model)-log(harmonic mean of the independent model)]. Any BF with a positive ratio greater than 2 is considered positive evidence, greater than 5 strong evidence, and greater than 10 is very strong evidence for correlated evolution (Pagel & Meade, 2006) .
Results
Description of leaf anatomy and micromorphology of the New World Vitis
There is a great diversity of trichome types and density in the New World Vitis (Figs. 3A-3D ). Leaves may be glabrous, or with isolated trichomes along veins (i.e., V. californica Benth., Fig. 3B ), or with tufts of trichomes in axils of main veins on the abaxial leaf surface (i.e., V. palmata, Fig. 3A) . These have been shown to function as domatia in several species of Vitis (Karban et al., 1995) , or the ribbon-like trichomes might form a dense floccose pubescence beneath that conceals the leaf surface completely (i.e., V. shuttleworthii House; V. labrusca L., V. girdiana Munson, Fig. 3C ). A few species also show upright trichomes along the midvein on abaxial surfaces (i.e., V. arizonica Engelm., Fig. 3D ; character 2, Table 2 ). Most species possess long, filiform, simple, unicellular, trichomes (i.e., prostrate, ribbon-like trichomes) that form a woolly, floccose pubescence (Figs. 1, 3C, 5D ; character 3, Table 2 ). Some species have short, simple, erect trichomes (Fig. 3D) . A few species possess both trichome types (e.g., V. acerifolia Rafinesque, Table 2 ).
Leaves are mostly unifacial, typical of the structural organization of angiosperm leaves (Figs. 4A-4H ), although V. rotundifolia Michx. shows a tendency towards a bifacial organization with palisade layers on both sides of the spongy mesophyll. In all species, a uniseriate upper epidermis is composed of axially elongate, rectangular or cuboidal cells, and is generally covered by a thick cuticle on upper anticlinal walls (Figs. 4G, 7A ). Epidermal cells are sometimes papillate (Figs. 6A, 6H ), but often larger on adaxial sides then abaxial sides (i.e., V. mustangensis, Fig. 4D ). Leaf thickness (Fig. 7) varies from thin (up to 6 rows of cells, i.e., V. tiliifolia Humb. & Bonpland ex Schultes, Fig. 7H ) to thick (7-12 rows of cells, i.e., V. acerifolia, Fig. 7B ). All species show a prominent abaxial ridge at the midrib (Figs.
8A-8F; character 1, Table 2 ) and some species have an adaxial ridge (i.e., V. biformis Rose, Fig. 8C ). Below the epidermis is a single layer of compressed, vertically elongate palisade parenchyma cells and up to eight rows of Fig. 4 . Overview of leaf cross section in Vitis showing main tissue types used in the study. A, Vitis labrusca cross section through vein in center and thin lamina at both sides of the midvein, abaxial epidermis covered in numerous floccose trichomes. B, Vitis baileyana cross section of leaf showing secondary vein bulging abaxially with bundle sheath extension at left at arrow, adaxial epidermis on top, and mesophyll differentiation into palisade layer (Pa) and spongy mesophyll below. Note closed guard cells on abaxial epidermis at arrow. C, Vitis labrusca cross section through midvein of leaf (detail of rectangle in Fig. 4A ) showing nine distinct vascular bundles in the midvein (purple elipses) arranged around the larger central vascular bundle. D, Vitis mustangensis showing airy spongy parenchyma with numerous intercellular spaces and large stomatal cavities above the guard cells, which are raised above the general abaxial epidermal surface. E, Vitis cinerea var. cinerea with multicellular, erect trichomes both on adaxial epidermis and abaxial epidermis. F, Vitis cinerea var. floridana showing unicellular trichome on abaxial epidermis. G, Vitis girdiana showing guard cells flat with abaxial epidermal cell surfaces and below stomatal cavity. Differentiation of mesophyll into upper palisade layer of elongate tabular cells followed by an airy spongy mesophyll layer that is characterized by polygonal mesophylly cells and numerous intercellular spaces. abE, abaxial epidermis; adE, adaxial epidermis; BSE, bundle sheath extension; Cu, cuticle; fT, floccose trichome; mT, multicellular trichome; uT, unicellular trichome; GC, guard cell; MV, midvein; Pa, palisade layer of mesophyll; Ph, phloem; SC, stomatal cavity; Sp, spongy layer of mesophyll; SV, secondary vein; Xy, xylem. Scale bars: A ¼ 100 mm; B, C ¼ 50 mm; D-G ¼ 20 mm.
polygonal, sometimes rectangular, spongy parenchyma cells, which have varying degrees of intercellular spaces that yield either compact (i.e., V. biformis, Figs. 7A, 12; character 7, Table 2) or airy spongy parenchyma (Figs. 7B,  7C ). The palisade layer may comprise either one half or one third of the mesophyll (character 6, Table 2 ).
The primary vein in cross-section (i.e., midvein, Figs. 8A-8F) shows prominent vascular bundles ranging from four bundles of similar size and in a cross-shaped orientation (i.e., V. monticola Buckley, Fig. 8A ; character 8, Table 2 ) to 6-8 bundles (i.e., V. biformis, Fig. 8C ) and occasionally 10 vascular bundles (i.e., V. labrusca, Fig. 4A ), with the adaxial and abaxial bundles generally larger then the two lateral bundles, which form an arch on the abaxial side (i.e., V. acerifolia, Fig. 8D ). Vascularization of the midvein is typical of angiosperms leaves with prominent large-diameter tracheids (lTr) that occur within the xylem parenchyma of all species (Figs. 4C, 8C, S1E ).
Secondary and tertiary veins are regularly spaced throughout the mesophyll. Bundle sheath cells (Figs. 9A-9E ) encircling the vascular bundles are composed of thick-walled sclerified parenchyma cells, commonly occurring as an extension to both abaxial and adaxial epidermal surfaces of secondary and tertiary veins (Figs. 4B, 6G , 6H, 7B, 9). The bundle sheath extension (BSE) is typically two cells in width ( Fig. 7B ; character 9, Table 2 ), but is more than two cells wide in some taxa (i.e., V. mustangensis Buckley, Fig. 9A ). In some species secondary and tertiary veins with a large protruding ridge of bundle sheath cells are found on the abaxial epidermis (i.e., V. mustangensis, Fig. 9A ; V. biformis, Fig. 9B ; V. cinerea, Fig. 6J ; character 10, Table 2 ).
The lower epidermis is uniseriate and epidermal cells are interrupted by guard cells and subsidiary cells (Figs. 6C, 6D , 6G, 7A-7D, 7F, 10D, 10E) that form the stomatal apparatus below the stomatal cavity, which can be quite large in some species (i.e., V. acerifolia, Fig. 7B ; V. mustangensis, Fig. 7C ). Stomata can be flush with the adaxial surface as seen in V. biformis (Figs. 5E, 6C ; character 4, Table 2 ) or protruding (i.e., V. mustangensis, Figs. 7C, 10D) .
The surface of the abaxial cuticle is generally smooth (i.e., V. mustangensis, Fig. 3G ; V. berlandieri, Fig. 5H ; V. vulpina, Fig. 5I ), slightly granular (i.e., V. aestivalis) or it might have prominent striae or ridges on the subsidiary cells that radiate away from the stomata (i.e., V. arizonica, Fig. 3E ; character 5, Table 2 ). Stomata in the New World Vitis are largely restricted to the abaxial surface, except that leaf teeth consistently show stomata on the adaxial surface as well (data not shown).
Seven groupings based on principal components analysis
In our principal components analysis ( Fig. 10 ; Table S1), axis one had the highest loadings for the midvein protruding abaxially, the width of the bundle sheath extension between the secondary veins and the epidermis, and the depth of the palisade layer. Taken together, this axis roughly comprises key water conductance and photosynthetic characteristics. The abundance of bundle sheath extensions in sclerophyllous leaves of Quercus coccifera L. as compared to the mesophyllous leaves of V. vinifera L. has been inferred to affect photosynthetic performance due to BSE acting as transparent windows enriching neighboring mesophyll cells with high levels of photosynthetic active light, thus giving these leaves an adaptive advantage (Karabourniotis et al., 2000) . Axis two had the highest loadings for the position of the stomatal apparatus compared to the rest of the epidermal surface, the texture of wax on the subsidiary cell surfaces, and whether or not secondary and tertiary veins bulge on the abaxial surfaces. This axis may be roughly generalized as involving the gas exchange apparatus, though it also includes a vein character. Axis one and axis two explained 24.8% and 20.5%, respectively, or 45.3% total, of the variation among species in their morphological traits. We visualized seven groupings within the ordination space (Fig. 10A) . These groups were: (1) V. arizonica and V. monticola, (2) V. acerifolia, V. riparia and V. sp. nov. (aff. V. rupestris), (3) V. californica and V. girdiana, (4) V. mustangensis, V. cinerea var. baileyana, and V. biformis; (5) V. cinerea var. cinerea, V. cinerea var. floridana, V. shuttleworthii, and V. labrusca; (6) V. aestivalis, V. cinerea var. helleri, and V. tiliifolia; (7) V. palmata and V. vulpina. Mesophyll differentiation in selected Vitis species seen in cross section. A, Vitis biformis, cuboidal upper epidermis cells followed by tightly packed palisade parenchyma comprising 1/3 of the mesophyll and compact spongy mesophyll with fewer intercellular spaces and small stomatal cavity above guard cells making up the stomatal apparatus at right. B, Vitis acerifolia, palisade layer comprising 1/3 of mesophyll followed by airy spongy mesophyll with numerous intercellular spaces throughout and stomatal cavities large above guard cells at arrows. Note bundle sheath cells extending to both epidermises at left. C, Vitis mustangensis rectangular palisade cells are followed by airy spongy mesophyll with numerous intercellular spaces and guard cells (at arrows) raised above the general abaxial epidermal surface forming ridges. Note large trichome on tertiary vein at right. D, Vitis palmata with compact spongy mesophyll with few intercellular spaces and closed guard cells at arrow. E, Vitis cinerea var. baileyana papillate upper epidermis cells and raphide cells in idioblast. (Fig. 11) and a protruding midrib (Figs. 11F-11H ). In trichome morphology among varieties, var. helleri agrees with var. floridana and var. baileyana in having both upright, multicellular and prostrate, ribbon-like trichomes (Figs. 11A-11D ), but it differs from these two varieties in having a more well-developed compact palisade layer (Fig. 11I) . Variety cinerea is distinct in having much denser prostrate, ribbon-like trichomes on both leaf surfaces, making the leaves appear gray, but the presence of simple stout multicellular trichomes on the midvein supports the relationship to the other varieties (Fig. 11F) . Varieties cinerea and floridana are placed in a group in the PCA, while both var. helleri and var. baileyana are placed in separate groupings based on PCA (Fig. 10) .
Vitis biformis from Mexico is very similar to the V. cinerea complex in trichome morphology, a protruding midrib, but the presence of 6 bundles in the midvein, and the lower arch of bundles tends to evenly divide further into a final total of 8 bundles (Fig. 11G) . Both taxa also show multicellular upright trichomes ( Table 2 ). The PCA placed V. biformis in a group with V. cinerea var. baileyana and V. mustangensis (Fig. 10) .
Vitis tiliifolia shows very distinct anatomical features (Fig. 12) . The leaf is very thin (with only three cells in the mesophyll), a papillose adaxial epidermis, and poor mesophyll differentiation into palisade and spongy layer (although the orientation of cells in the palisade region differ from those in the palisade layer). Overall trichome morphology is similar to Fig. 9 . Bundle sheath cell distribution around secondary and tertiary veins. A, Vitis mustangensis bundle sheath extension with more than 2 cells, abaxial epidermis with proliferated bundle sheath cells forming a bulge and prominent trichomes. B, Vitis biformis bundle sheath extension with more than 2 cells, and tabular cells of the palisade layer and compact spongy mesophyll. C, Vitis rotundifolia bundle sheath extension 2 cells wide, note pearl body at lower epidermis. D, Vitis riparia bundles sheath extension more than 2 cells wide. E, Vitis palmata with bundle sheaths extension width more than 2 cells. adE, adaxial epidermis; BSE, bundle sheath extension; Pa, palisade layer of mesophyll; PB, pearl body; Sp, spongy layer of mesophyll; Tr, trichome. Scale bars: A-E ¼ 20 mm. that of the V. cinerea complex. The PCA results placed V. tiliifolia in a group with V. cinerea var. helleri and V. aestivalis (Fig. 10) .
Ancestral character reconstruction
When anatomical characters were evaluated analytically using a BBM approach in RASP, almost all characters showed no clearcut phylogenetic pattern (Figs. 10, S2A-S2M) . A few interesting character state transitions are notable and are discussed below.
Lack of protruding midrib (Character 1, Figs. 5A , 5B, 10, S2A) À BBM analyses recovered the lack of a protruding midrib as ancestral within NW Vitis subgenus Vitis in V. californica with a subsequent transition to a protruding midrib inferred in the most common recent ancestor of the rest of the clade and a loss of the protruding midrib characterizing the most recent common ancestor of the well-supported V. girdiana and V. arizonica clade (node 21, PP ¼ 1.0).
Stomata flush with epidermal surface or raised (Character 4, Figs. 5E, 5F, 10B, 10D, 10E, S2D) À The stomatal apparatus flush with the adaxial surface is recovered to be the ancestral character state for V. californica and the ingroup taxa with strong support (node 37, PP ¼ 1.0), several independent transitions to raised stomata are observed in the wellsupported V. vulpina À V. cinerea var. floridana clade (node 23, PP ¼ 0.99), in V. shuttleworthii, and in the V. mustangensis À V. acerifolia clade (node 29, PP ¼ 1.0).
Spongy mesophyll airy vs. compact (Character 7, Figs. 6C, 6D, 10, S2G) À BBM reconstructs the ancestral character state for V. californica and the ingroup taxa backbone with strong support (nodes 37, 36, 35, PP ¼ 1.0) as having an airy spongy mesophyll, a number of independent transitions to compact spongy mesophyll are observed for the V. cinerea var. cinerea À V. cinerea var. baileyana clade (node 26, PP ¼ 1.0), the V. vulpina À V. cinerea var. floridana clade (node 22, PP ¼ 1.0), as well as for V. acerifolia, V. labrusca, V. biformis, V. girdiana, and V. aestivalis.
Convergence of adaptive strategies
Using BayesTraits, we did not find significant correlations between any pairs of morphological and ecological traits. (Tables 2, 3 ) according to the log-BF calculations. Nevertheless, there was positive evidence for correlated evolution of MAP tolerance to midrib bulging (character 1, log-Bayes factor 1 /4 5.47, Table 3 ), and the presence of ribbon-like trichomes (character 3, log-Bayes factor 1 /4 1.22, Table 3 ), while the correlated evolution of MAP tolerance and wax deposits on adaxial cuticle surfaces was very strongly supported (character 5; logBayes Factor 1 /4 7.33, Table 3 ). Similarly, PSEAS reflected the same correlations for ch. 1 (log-Bayes Factor 1 /4 5.48), ch. 3 (log-Bayes factor 1 /4 1.03), and ch. 5 (log-Bayes factor 1 /4 7.47). TSEAS showed correlated evolution with the extent of the palisade layer (character 6, log-Bayes factor 1 /4 3.69), while no other correlation was found for this climatic variable. Additionally, there was very little evidence to suggest correlated evolution for four pairs of variables: MAP tolerance and stomatal apparatus in relation to the epidermal surface (character 4, log-Bayes factor 1 /4 0.81), MAP tolerance and prominence of intercellular spaces in the spongy mesophyll (character 7, log-Bayes factor 1 /4 0.73), and for the same anatomical features and PSEAS tolerance (character 4, logBayes factor 1 /4 0.82), and (character 7, log-Bayes factor 1 /4 0.66).
Discussion
Here, we have provided new data on leaf anatomical and micromorphological characters in Vitis subgenus Vitis and discuss below their relationships to phylogeny (i.e., Wen et al., 2018) , environment, and their taxonomic utility. We focus our discussion on the characters that we feel may most considerably enhance understanding of trait evolution and environmental interactions in New World Vitis. We incorporate our perspectives on the taxonomic utility of these characters when possible.
Trichome characters of potential taxonomic importance
We observed two types of trichomes in the New World Vitis: long ribbon-like hairs and short hairs, with most species having both types (Tables 2, S1 ). Ma et al. (2016) reported three types of trichomes in the Asian clade of Vitis subgenus Vitis, with an additional glandular trichome type. Glandular trichomes in general have been described to secrete terpenes, phenolics, alkaloids, lipophilic and other substances deterring or poisoning herbivores and pathogens (Levin, 1973; Werker, 2000; Tissier, 2012; Ma et al., 2016) . Within Vitis, glandular trichomes appear to represent a plesiomorphy that was lost in New World Vitis subgenus Vitis (Fig. 1) . Glandular trichomes are also present in other genera in the family including Cissus and Cyphostemma (Wen, 2007a) and in Ampelocissus subgenus Ampelocissus (e.g., in A. martini Planchon). However, glandular trichomes are absent in New World Vitis (Moore & Wen, 2016) , and our examination of V. rotundifolia (of subgenus Muscadinia) and V. labrusca (of subgenus Vitis) revealed pearl glands only, which are common in Vitaceae and Leeaceae (Wen, 2007a (Wen, , 2007b . Pearl glands (or sometimes 3 Fig. 10 . Convergence of leaf anatomical characters as viewed from PCA and using character reconstructions (B, C) in Bayesian Binary MCMC (BBM). A, PCA. B, Character reconstruction using BBM for character 4 (flat vs. raised stomatal apparatus). C, Character reconstruction using BBM for character 7 (the abundance of intercellular spaces in the spongy mesophyll). D, Character states shown for V. mustangensis leaf cross-section with raised stomata [0] and an airy spongy mesophyll comprised of numerous intercellular spaces [0] . E, Character states shown for V. biformis leaf cross-section with flat stomata [1] and a compact spongy mesophyll with few intercellular space [1] . PCA was based on ten leaf anatomy and micromorphological traits. Clusters based on k-means, and optimal number of clusters based on diminishing returns for reducing within cluster sums of squares. Ellipses drawn according to the mean and co-variance matrix for the data. A summary of the BBM (Bayesian Binary MCMC) analyses implemented in RASP of New World Vitis subgenus Vitis. The tree is a majority rule consensus of 1200 trees derived from Bayesian Inference of the chloroplast genome (Wen et al., 2018) with reduced taxon sampling of the New World Vitis subgenus Vitis. Pie charts at internal nodes represent the marginal probabilities for each alternative ancestral character state. Numbers within the pies refer to node numbers. Support values (Posterior Probabilities, PP) are giving above branches. GC, guard cells. referred to as pearl bodies, Fig. 9C ) are multicellular spherical or elongate structures often with a multicellular stalk, which are rich in proteins and fatty acids, and are not secretory (Wen, 2007a; Paiva et al., 2009; Gerrath et al., 2015) . The ribbon-like trichomes that we found in the New World Vitis are widespread across the Ampelocissus-Vitis clade (Fig. 1) and are a synapomorphy for the clade based on our studies of herbarium specimens across the family Vitaceae.
V. cinerea complex
Vitis cinerea is a highly variable species with at least four varieties recognized within North America: var. cinerea, var. baileyana, var. floridana, and var. helleri. Comeaux et al. (1987) distinguished var. floridana as having slightly angled and arachnoid, floccose stems, and leaves floccose beneath, whereas he described var. baileyana as having conspicuously angled, glabrous stems and leaves glabrous beneath with few to many trichomes on veins and in vein axils beneath. Vitis cinerea var. cinerea and var. baileyana are sisters in the plastome phylogeny (Wen et al., 2018) but were resolved in different clusters in our PCA analysis (Fig. 10A) . They differ only in whether the stomatal complex is raised or flat, respectively, among the characters that we scored (Table 3; Figs. S2A-S2M). Nevertheless, these varieties are visually distinct in the density of their ribbon-like trichomes (Fig. 11) , although this is not easily reflected by the characters scored in the study. Ribbon-like trichomes show some correlation with mean annual precipitation (Table 3) . While, both varieties occur in relatively mesic areas, var. baileyana is commonly found in the Piedmont and mountains, especially along mountain streams, from 100-2000 m (Munson, 1909; Wen J, pers. comm.) , while variety cinerea is most common in rich bottomlands of the Mississippi River basin from 0 to 500 m in elevation (Moore & Wen, 2016) . The differences between these varieties in their trichome morphology may reflect difference in MAP or other environmental features within their respective habitats. Trichomes have protective function against herbivory, against solar radiation, and provide an increased area of absorption for the leaf (Ma et al., 2016) .
In gross macromorphology, var. floridana closely resembles var. cinerea, but can be differentiated by branchlets that are typically non-hirtellous (Moore & Wen, 2016) . Variety floridana is identical to var. cinerea in scored leaf morphologies (Table 2 ; Fig. 11 ) and presents a remarkable case of convergence as they are not in the same clade in the plastome phylogeny (Fig. 10) . Variety floridana is restricted to the SE coastal plains (Moore & Wen, 2016) and is unique among Vitis for withstanding growing adjacent to standing water in the coastal plains (Munson, 1909) .
Vitis cinerea var. helleri was not united with any other varieties of the V. cinerea complex in the plastome phylogeny Wen et al., 2018) and did not cluster with other varieties of V. cinerea in our PCA analysis (Fig. 10A) . Within the cinerea complex, var. helleri is distinct in having a more welldeveloped compact palisade layer (Fig. 11I) . A compact palisade layer is known to be indicated of high light environments (Mashayekhi & Columbus, 2014) (Moore & Wen, 2016) , where var. helleri occurs on limestone slopes and floodplains from 100 to 700 m in elevation. The extent of the palisade layer (Table 3 ) was the only character that showed correlated evolution with temperature seasonality, which has been shown to be lower in the tropics than in temperate and high latitude regions (V asquez & Stevens, 2004; Moles et al., 2014) .
The Neotropical species, V. tiliifolia, is similar to the V. cinerea complex in possessing small and plentiful fruits on each infructescence and the angular stems (Moore & Wen, 2016) . However, V. tillifolia occurs within moist forested areas at middle elevations throughout the Antilles and from Mexico to northern South America (Tr€ ondle et al., 2010) . Therefore, it is not surprising that it differs radically from the V. cinerea complex in its leaf micromorphological and anatomical features (Figs. 12A-12E ).
Correlation of environment and anatomical characters in the New World Vitis subgenus Vitis
The evolution of morphological and anatomical features of plant leaves, which represent primary sites for photosynthesis and gas exchange, are strongly influenced by the environment (Dickison, 2000) . Thus, leaves are often regarded as evolutionarily labile and evolutionary convergence is expected to be frequent (Ackerly, 2004; Schmerler et al., 2012; Donovan et al., 2014) . Nevertheless, assessing leaf characteristics within a phylogenetic framework can help to determine if similarities among species result from convergence or shared ancestry (Givnish, 1987; Baum & Larson, 1991) .
In our survey of leaf anatomical differences between the New World species of Vitis, we noted a number of features, especially mesophyll differentiation, vascular structure, and presence of hydathodes, which may represent adaptations to particular habitat types. For example, we observed that Vitis species occupying xeric habitats had thicker leaves with a more developed palisade layer (e.g., representing one half of the leaf width in V. californica, V. girdiana, V. mustangensis), and the relationship of palisade layer thickness to xeric habitats was previously noted in a survey of many plant lineages (Shields, 1950) . The spongy mesophyll of xeric New World Vitis also shows more numerous intercellular spaces (i.e., V. monticola, and V. girdiana) compared to species occurring in mesic habitats that have compact mesophyll (e.g., V. rotundifolia, V. palmata; De Mico & Aronne, 2012). The increased number of intercellular spaces, or increased amount of mesophyll cell lobing, improves internal CO 2 diffusion (Peguero-Pina et al., 2012; Tom as et al., 2013) , when stomatal opening and thus CO 2 intake is limited in xeric environments.
The xeric species, V. monticola exhibits sclerophytic leaves (Tom as et al., 2013) , which have fewer, but larger vascular bundles as compared with mesophytic species. In Table 3 Calculations for log-Bayes factor (logBF) tests in favor of the dependent model (D, correlated evolution) between all ten anatomical characters (1-10 at left) and each of the three climatic variables (11-13). The significance columns follow the Bayes factor test of Kass & Raferty (1995) Any BF with a positive ratio greater than 1 is considered positive evidence, greater than 5 strong evidence, and greater than 10 is very strong evidence for correlated evolution (Pagel & Meade, 2006) and these values appear in bold in the table.
addition, reflective leaf pubescence as observed in the characteristically gray leaves of V. girdiana might be adaptive in xeric conditions and may function in reduction of leaf temperature and water loss as demonstrated in other dryadapted plants (Ehleringer & Mooney, 1978) . The presence of a thick cuticle is generally also associated with xeromorphy (Esau, 1965; De Mico & Aronne, 2012) as expressed in V. girdiana (Fig. 4G ), V. biformis (Fig. 7A) , V. arizonica and V. californica. The Mediterranean-type ecosystems are often cited as exemplar cases of convergent evolution (Cody & Mooney, 1978) and plants in these ecosystems in the Mediterranean basin, Australia, South Africa, Chile and California are characterized by a similar sclerophyllous leaf types with particular leaf anatomy (Kummerow, 1973; Rundel, 1988) . Vitis girdiana, V. californica and V. arizonica are found in the California chapparal (Moore & Wen, 2016) and their tough leaves show an airy spongy mesophyll layer, two rows of cells in the parenchyma bridge of tertiary veins, and striate subsidiary cell, yet phylogenetically V. californica is rather distinct ( Fig. 10 ; Wen et al., 2018) , thus these character expressions represent convergences. Additional examples of leaf anatomical adaptations to environment are apparent in the tropical forest vine, V. tiliifolia (Figs. 7H, 12A-12D ). This species is widespread in wet Neotropical forests and possesses hydathodes on the adaxial surfaces of its leaves (Fig. 12E ). Hydathodes have variously been shown to mediate guttation (Haberlandt, 1904; Roth, 1990; Lersten & Curtis, 1991) , an adaptation to get rid of excess water, which is in abundance in the environment of V. tiliifolia.
Vitis tiliifolia exhibits other morphologies typical for species in environments where water is not a limiting resource (Esau, 1965) : thin outer cuticles, thinner leaves overall with the mesophyll composed of three rows of cells, and the mesophyll poorly differentiated into palisade and spongy layers. The poorly differentiated mesophyll in V. tiliifolia is likely an adaptation to lower light intensities in dense Neotropical forests as compared to the well-differentiated mesophyll in taxa of high light, open habitats (Chabot & Chabot, 1977; Mashayekhi & Columbus, 2014) .
We found trends for non-significant correlated evolution between leaf anatomical traits and tolerances in New World Vitis subgenus Vitis, particularly mean annual precipitation and precipitation seasonality (Table 3) , which was previously shown to be important in the adaptive radiation of Mediterranean Cistus (Guzm an et al., 2009). We found additional limited evolutionary correlation between two additional anatomical characters (ch. 4 and ch. 7; Fig. 10 ), and MAP and PSEAS (Table 3) suggesting the importance of the precipitation regime for leaf evolution in New World Vitis. Limited correlation in BayesTraits (i.e., barely-correlated) may be highly evolutionarily significant in groups like New World Vitis that have undergone recent, rapid radiation (Whitfield & Lockhard, 2007) and thus comprise a phylogeny with short branches (Wen et al., 2018) . However, it is also possible that the convergence of morphological traits that we observed in Vitis correspond to patterns that cannot be adequately assessed using three abiotic environmental variables measured at coarse scales.
In conclusion, leaf anatomical characters suggest seven groupings within New World Vitis subgenus Vitis based on PCA that do not reflect phylogeny, and several leaf anatomical and micromorphological characters have been independently acquired at least twice (Figs. 10, S2A-S2M) representing convergences. Our results are consistent with prior work that found convergences in leaf macromorphology of Vitis subgenus Vitis in similar environments, particularly within similar precipitation regimes (Callen et al., 2016) . Convergence among anatomical and micromorphological traits suggests the importance of these characteristics as adaptive strategies in Vitis subgenus Vitis supporting evolutionary shifts between temperate and tropical biomes and mesophytic and xeric habitats (Wen et al., 2018) . However, leaf adaptations in subgenus Vitis likely reflect both adaptations to climate as well as to the biotic environment, evidenced, for example, by the presence of domatia (Fig. 3A) , and the role of the biotic environment in driving leaf evolution of subgenus Vitis remains a subject meriting future work. Overall, the leaves of the New World grapes may make an exceptional model system for studying the diversification of functional traits during a rapid evolutionary radiation in geographic and environmental space using integrative tools in systematics, phylogenomics, morphology and ecology (Wen et al., , 2018 .
